Background: Comorbidities probably contribute to the increased mortality observed among subjects with chronic obstructive pulmonary disease (COPD), but sex differences in the prognostic impact of comorbidities have rarely been evaluated in population-based studies. The aim of this study was to evaluate the impact of common comorbidities, cardiovascular disease (CVD), diabetes mellitus (DM), and anxiety/depression (A/D), on mortality among men and women with and without airway obstruction in a population-based study. Methods: All subjects with airway obstruction [forced expiratory volume in 1 second (FEV 1 )/ (forced) vital capacity ((F)VC) <0.70, n = 993] were, together with age-and sex-matched referents, identified after examinations of population-based cohorts in 2002-2004. Spirometric groups: normal lung function (NLF) and COPD (post-bronchodilator FEV 1 /(F)VC <0.70) and additionally, LLN-COPD (FEV 1 /(F)VC <lower limit of normal). Mortality data was collected until December 2015. Results: In COPD, the prevalence of CVD and DM was higher in men, whereas the prevalence of A/D was higher in women. The cumulative mortality was significantly higher in COPD than NLF, and higher in men than women in both groups. Among women with COPD, CVD and A/D but not DM increased the risk of death independent of age, body mass index, smoking habits, and disease severity, whereas among men DM and A/D but not CVD increased the risk for death. When the LLN criterion was applied, the pattern was similar. Conclusion: There were sex-dependent differences regarding the impact of comorbidities on prognosis in COPD. Even though the prevalence of CVD was higher in men, the impact of CVD on mortality was higher in women, and despite higher prevalence of A/D in women, the impact on mortality was similar in both sexes. The reviews of this paper are available via the supplemental material section.
Introduction
Among individuals with chronic obstructive pulmonary disease (COPD), multimorbidity is common. In addition to the most common comorbidity, cardiovascular disease (CVD), diabetes mellitus (DM), and anxiety/depression (A/D) are also more common among subjects with than without COPD, [1] [2] [3] and populationbased studies have shown a higher mortality among individuals with than without COPD, 4, 5 but the known under-diagnosis of COPD 6,7 contributes to an underestimation of the mortality among subjects with COPD in register-based studies. Even though respiratory failure is common in severe COPD, 8 comorbidities probably contribute to the increased mortality observed among individuals with mild-to-moderate COPD. 8, 9 COPD has historically been more prevalent among men, 'the smoking mans' disease'. Owing to an increased smoking prevalence among women during the last century, in combination with high vulnerability to tobacco smoke exposure among women, 10 the sex difference in the prevalence of COPD has diminished. In Sweden, the smoking prevalence has decreased over the last several decades to around 10%, and epidemiologic data indicate that the prevalence of COPD has also decreased. 11 However, despite a decreased smoking prevalence in Sweden, the overall pattern with increased cardiovascular comorbidities among individuals with than without COPD seems to remain. 12 In addition to changes in smoking habits, sex-dependent differences with regards to COPD are indeed multifaceted. 10 CVD is more common among men, 13, 14 and depression is more common among women, 13, 15 whereas the previously higher mortality among men with COPD has decreased and the number of COPD deaths is now comparable or even higher among women. 13 Still, it has not been established whether the impact of comorbidities on mortality is similar among men and women with COPD.
The aim of this population-based study was to investigate the impact of CVD, DM, and A/D on mortality among men and women with COPD, compared with those with normal lung function (NLF).
Material and methods

Study design and study population
The study design has been described in detail previously. 16 In short, within the epidemiological research program Obstructive Lung Disease in Northern Sweden (OLIN) studies, all subjects with airway obstruction [forced expiratory volume in 1 second (FEV 1 )/(forced) vital capacity ((F)VC) <0.70, n = 993] were, together with ageand sex-matched referents without obstructive lung function impairment (FEV 1 /(F)VC ⩾0.70, n = 993), identified from examinations of four population-based cohorts in 2002-2004. The examinations included spirometry and a structured interview following a questionnaire with well-validated questions regarding respiratory symptoms and conditions, 17, 18 and in addition questions on smoking habits and comorbidities. This paper includes data from the individuals at recruitment and mortality (data from the Swedish Tax Agency) from the date of examination during 2002-2004 until 31 December 2015. The study was approved by the Regional Ethical Review Board at Umeå University, Sweden.
Spirometry and spirometric classification
Lung function testing was performed using a dry volume spirometer, the Mijnhardt Vicatest 5, following the American Thoracic Society (ATS) guidelines. 19 Vital capacity (VC) was defined as the best of FVC and slow vital capacity (SVC). Reversibility testing was performed if FEV 1 /VC <0.70 or FEV 1 <90% of predicted, using 4 × 0.2 mg Ventoline Discus ® (salbutamol). The nonobstructive referents, FEV 1 /VC ⩾0.70, were divided into restrictive pattern, FEV 1 /VC ⩾0.70 & VC <80% predicted, and NLF, FEV 1 /VC ⩾0.70 and VC ⩾80% predicted. Airway obstruction, FEV 1 /VC <0.70, was divided into pre-but not post-bronchodilator airway obstruction and post-bronchodilator airway obstruction (post-BD obstruction). Post-BD obstruction, FEV 1 /VC <0.70, corresponds to the spirometric criteria for COPD according to GOLD 20 and will hereafter be labeled as COPD. Among those with post-BD obstruction (COPD) the lower fifth percentile of the reference value for FEV 1 /VC was used to identify LLN-COPD. Locally derived reference values were used. 21 The study population is illustrated by spirometric classification in Figure 1 , including number of subjects in each group.
Definitions
Body mass index (BMI) is defined as weight in kilograms/height in meters squared, divided into the categories underweight, normal weight, and overweight/obesity according to the WHO. 22 Smoking habits were classified into nonsmokers, exsmokers (quit at least 1 year previous), and current smokers. Dyspnea was classified according to the modified Medical Research Council dyspnea scale (mMRC, grade 0-4). 23 Any respiratory symptom was defined as at least one of longstanding cough, productive cough, wheeze, or mMRC score ⩾2. Heart disease was defined as any of angina pectoris, previous coronary artery bypass surgery, previous percutaneous coronary intervention, myocardial infarction, or heart failure. CVD was defined as any of heart disease, claudication, or stroke. DM and A/D were based on report of having or having had either of the conditions.
Statistical analysis
The Statistical Package for the Social Sciences (SPSS) software version 25 was used for statistical analyses. A p value <0.05 was considered statistically significant. The chi-squared and test for trend were used for comparisons of proportions, and Student's t test for comparing means. Missing answers in individual questions were uncommon, <0.5%, except for the questions regarding A/D, DM, and claudication, n (%): 206 (13.9), 170 (11.5), 176 (11.9), and in these cases missing was recoded as no. Mortality data was collected over at least 10 years observation time, from date of examination at recruitment during 2002-2004 until 31 December 2015. To analyze the comorbidities (CVD, DM, and A/D) as risk factors for death, Cox's regression models were used and the results were expressed as hazard ratios (HRs) using 95% confidence intervals (95% CI) for statistical significance. Covariates included in the model were age, sex, BMI categories, and smoking habits. The proportional hazards assumption for the Cox regression was met when checked by log-log plots. The analyses in the Cox regression model were performed by spirometric groups (COPD and NLF) as well as stratified for sex. In a similar model, including the same covariates and comorbidities, COPD was analyzed as a risk factor for death in comparison with NLF. Corresponding analyses were also performed by applying the LLN-COPD criterion. Table 1 shows basic characteristics by sex and by NLF and COPD, respectively. Men had a higher prevalence of CVD and DM than women in COPD but not in NLF, whereas A/D was more common among women in both spirometric groups. Among men, but not women, the prevalence of CVD and A/D was higher in COPD than in NLF.
Results
Clinical characteristics by sex in NLF and COPD
Mortality among men and women with NLF and COPD
In total 485 (295 men, 190 women) died between recruitment and 31 December 2015. The cumulative mortality was higher in COPD than in NLF in both sexes and higher among men than women with COPD ( Table 1 ). The mean age at death (±SD) among men with NLF and COPD was 72.3 (8.9) and 72.4 (8.3) years, whereas the corresponding among women was 75.2 (8.8) and 72.8 (9.3) years. The cohort generated a total of 15,853 person-years, and the mortality rates per 1000 person-years in NLF and COPD, respectively, were estimated as 25.0 and 45.7 among men and 19.6 and 32.4 among women.
Comorbidities as risk factors for death in NLF and COPD and by sex
Analyses of associations between comorbidities and death after adjustment for age, sex, smoking habits, and BMI categories showed that CVD, DM, and A/D independently increased the risk of death among subjects with COPD, and the pattern was fairly similar in NLF with regard to DM and A/D, whereas the results indicate that the risk of death associated with CVD was less pronounced ( Table 2) . When FEV 1 % of predicted was included in the model, the increased risk of death associated with these comorbidities persisted with a similar pattern ( Table 2) .
Sex stratified analyses were performed with corresponding adjustment and are illustrated in Figure 2 ; among those with COPD the pattern indicate that CVD is of greater importance for mortality among women than men, and DM of greater importance among men, whereas A/D increase the risk for death in both sexes. Among those with NLF, all comorbidities seem to be of low importance as risk factors for death among women, whereas DM and A/D may be of greater importance than CVD among men. These results persisted with a similar pattern in additional analyses additionally adjusted for FEV 1 % of predicted. 
Analyses using the LLN-COPD criterion
Among those with COPD 341 individuals (46.3%) fulfilled the LLN-COPD criterion, whereof 126 (37.0%) were women. Comparing comorbidities by sex in LLN-COPD confirmed the pattern observed for fixed ratio defined COPD, and the cumulative mortality among those with LLN-COPD was also higher than in NLF in both sexes, although not significantly so ( Supplementary Table S1 ). The mortality rate per 1000 person-years was 44.0 among men and 38.7 among women with LLN-COPD. As in COPD, each of the comorbidities independently increased the risk for death among subjects with LLN-COPD (Table 2 ). In analyses stratified for sex, each of the comorbidities increased the risk of death among men with LLN-COPD, whereas the pattern among women with LLN-COPD indicates that merely CVD was a risk factor for death, however nonsignificantly so (Figure 2 ).
COPD and LLN-COPD as risk factors for death when compared with NLF
Among women, LLN-COPD, but not COPD, was associated with an increased risk of death independent of comorbidities when compared with NLF. In corresponding analyses performed among men, both COPD and LLN-COPD were, independent of comorbidities, associated with an increased risk of death when compared with NLF ( Figure 3 ).
Discussion
In this population-based study, the cumulative mortality was, as expected, higher among men than women, and higher among those with COPD than among those with NLF. However, there was a discrepancy between the prevalence of comorbidities and the impact on mortality among men and women with COPD. Although men had a higher prevalence of CVD than women, CVD was more strongly related to mortality among women than among men. A/D seems to be of similar importance for mortality in both sexes, even though the prevalence was twice as high among women.
Comorbidities are common in COPD, however, the prevalence of comorbidities varies strongly between studies, mainly dependent on the selection of the study population, definition of airway obstruction, and age. 9, 24, 25 In a French study, in which COPD was identified by prescription of inhalation drugs, up to 68.4% had any of the major comorbidities CVD, DM, or depression. 26 In our study just over 40% of those with COPD reported any of these comorbidities. The differences are probably related to the dominance of mild-to-moderate COPD in population-based studies, these subjects are, owing to the known underdiagnosis of COPD, less represented in register-based studies. Our study confirms that A/D is more common among women, 3, 13, 14 and that CVD is more common among men. 13, 14 According to register based studies, the results are more contradictory with regard to DM, 14, 26 whereas in our population-based study DM was more common among men than women with COPD.
The global burden of COPD is high 27 and it is well known that COPD is associated with increased mortality. 4, 5, 28 The major comorbidities under study have each in different studies been associated with increased mortality in subjects with COPD: CVD, 29,30 DM, 31 and depression. 32, 33 The question regarding comorbidities and the impact on mortality among individuals with COPD has more often been addressed in cohorts with COPD patients, 34, 35 whereas few studies evaluate the prognostic impact of common comorbidities at the same time in population-based studies. One large population-based US study included evaluation of CVD, DM, and/ or hypertension, and the risk of death increased by number of comorbidities, and also by COPD severity. 1 However, COPD was defined by prebronchodilator spirometry, hypertension but not anxiety/depression was included as a comorbid condition, and no sex-specific data was reported. Still, in contrast with the US study, 1 the increased risk for death associated with comorbidities in our study was independent of COPD severity, when assessed as FEV 1 % of predicted.
The analyses stratified for sex indicate that the prognostic impact of the studied comorbidities differs between sexes among those with COPD. Even though CVD was more common among men with COPD, it may be of greater importance as a risk factor for death among women. CVD is under-recognized and undertreated among women, 36 and a possible explanation for our results may be that self-reported CVD among women represents a more severe and poorly treated disease. Even though A/D was twice as common among women with COPD, the impact on mortality was similar, the risk for death increased by around 60% in both sexes. These results could, in turn, possibly relate to underreporting or under-recognition of A/D among men. In a large-scale study based on the UK General Practice Research Database, 37 the incidence of depression was higher in women than in men with COPD, but the 1 year mortality among incident cases was higher in men. DM was more common among men than women with COPD and was also associated with increased mortality among men but not women. For comparison, the previously referred French study based on data from the national register of beneficiaries (patients) covered by the French health system, CVD, DM, and depression increased the risk of death similarly in men and women with COPD by 20%, 20%, and 40%, respectively. 26 Still, in this register-based study, most likely more severe cases of COPD were included among which a respiratory cause of death is more common.
When the LLN-COPD spirometric criterion was applied, the different pattern among men and women was similar as observed when using the GOLD fixed ratio criterion. Despite low statistical power in these subanalyses, it seemed useful to proceed with further analyses regarding the potential impact of spirometric criteria. Women with LLN-COPD, in contrast to those with fixed ratio COPD, had an increased risk of death when compared with NLF, independent of comorbidities. These results indicate that the LLN criterion identifies a population among women where the studied comorbidities seem to be of less importance than the respiratory condition. Men had a different pattern: both COPD and LLN-COPD increased the risk of death when compared with NLF independent of comorbidities.
The strength of this study is the population-based study design, including a large cohort of subjects fulfilling post-bronchodilator spirometric criteria for COPD, thus the results are generalizable to the general population. The reference values are locally derived, which should minimize the risk for misclassification when applying the LLN criterion. Most clinical guidelines for diagnostics and treatment of COPD are based on the fixed ratio (GOLD) criterion, 38 whereas the LLN criterion is recommended for epidemiological studies. 39 As a consequence, there is a need to understand the outcome of both criteria and the potential differences between them in addition to those related to age. Furthermore, stratified analyses are needed to understand sex-dependent differences in risk factor pattern, and the statistical power was large enough to demonstrate such differences.
However, there are some important limitations of in the current study that merit discussion. Information regarding comorbidities was based on interview data and not verified by medical records. Still, there is fairly good agreement between self-reported data on comorbidities and medical records, even though A/D seems to be less studied in this regard. [40] [41] [42] [43] The study was designed shortly after the shift of the millennium when the fixed ratio was generally accepted after the launch of the GOLD document, and in our study subjects fulfilling the spirometric criterion for COPD according to GOLD were labeled COPD. However, fulfilling the spirometric criterion for COPD is not synonymous with the disease COPD, and it is, for example, well known that the fixed ratio criterion will overestimate COPD among the elderly. 44 Furthermore, when applying the LLN criterion in a population identified by the fixed ratio criterion, a few cases, especially among younger people, will be missing compared with when applying the LLN criterion in a general population. In addition, the number of missing answers for DM, A/D, and claudication were rather high, 11.5-13.9%, however, missing was recoded as negative answer, meaning that the observed relationships with regard to these comorbidities most probably were underestimated.
In conclusion, there was a sex-dependent discrepancy regarding the prevalence of CVD and A/D and the observed pattern of impact on mortality among individuals with COPD. Although the prevalence of CVD was higher in men, the impact on mortality appeared to be greater among women, and although the prevalence of A/D was twice as high in women, the impact on mortality was similar in both sexes. Our study highlights new aspects on possible sex-dependent differences regarding the association between comorbidities and mortality in COPD. A sex-specific risk assessment could be a step towards optimized preventive measures and treatment of comorbidities in COPD.
